ABSTRACT
INTRODUCTION
Resource allocation strategies in cellular networks nowadays aim at meeting increasing demand for higher throughput, in terms of the number of users that can be simultaneously served. In a GSM network every cell is assigned a set of frequency bands, each of them can accommodate 8 users in different time slots. The frequency reuse factor is the result of a compromise between two opposite requirements: minimizing inter-cell interference on the one hand, and maximizing the number of supportable subscribers on the other. Adjacent cells in current systems use different sets of bands and strict power control within each cell further reduces interference level.
In this paper, we investigate the possibility of reducing the frequency reuse factor to one, i.e. we address the case when the two users that share the same physical channel belong to two neighbouring cells. A similar scenario was investigated in [2] , where it was assumed that interfering base stations are synchronized and a cell radius small enough so that the signal of interest and the interfering signal arrive at the mobile receiver with a small offset (not larger than 3 symbols).
We will consider downlink mode without any synchronization between different base stations, which is the case in current GSM systems [3] . Thus, only if co-channel users belong to the same cell they will be synchronized, while in the adjacent-cell scenario they are asynchronous. For the latter case we propose an iterative receiver that performs joint channel estimation and data detection while exploiting signals from multiple receive antennas in the mobile terminal.
The article is organized as follows: in the next chapter we will introduce signal and channel model. Chapter 3 deals with the channel estimation problem. Receiver structure is presented in Chapter 4 and its performance is discussed in Chapter 5. Chapter 6 summarizes our work and gives final conclusions.
SIGNAL AND CHANNEL MODEL
The structure of the physical content of a time slot, i.e a burst, is specified by the GSM standard [4] . A 26-symbol long midamble, defined by the Training Sequence Code (TSC), is placed in the center of each burst, and it is used for estimating radio channel conditions. Guard period at the end of each burst prevents signals in consecutive time slots from overlapping.
Hereinafter, we will ignore guard period (GP) and tail binary symbols (TB), and observe only AE ½ ¾ symbols of data and midamble as user's burst.
We will consider a flat fading channel that does not induce inter-symbol interference (ISI). The extension to the ISI case is straightforward. The total signal attenuation introduced by the channel is the result of several mutually independent processes [5] : -Path loss: signal power decreases according to the power law of the distance between the transmitter and the receiver [6] However, the amplitude of the interfering signal from Ë ¾ will be received at ÅË ½ attenuated by shadowing and path loss coefficients given respectively by:
with the notation corresponding to Fig. 1 . The baseband model of the signal received on AE antennas of ÅË ½ is
where Ý´ µ is´½ ¢AE µ row vector of the -th symbol interval, ½ ¾ AE , Ü ½´ µ Ü ¾´ µ ¾ ½ ·½ are -th transmitted symbols from Ë ½ and Ë ¾ , Ò is a complex white Gaussian noise vector with zero mean and variance ¾ , and ½ and ¾ are´½ ¢ AE µ channel impulse response vectors containing i.i.d. complex Gaussian coefficients for each receiving antenna.
Thus, they can be viewed as unique spatial signatures characterising each user's signal space almost surely. Note that such a system with Ã transmit antennas (Ã ¾ in our case) and AE receive antennas is equivalent to a CDMA system with Ã users and spreading factor equal to AE [7] .
Path loss and shadowing are slowly varying processes that do not change significantly over several time slots. That enables reliable estimation of coefficients × and Ô, which are therefore assumed to be perfectly known to the receiver in our model. However, Rayleigh fading coefficients may change rapidly from one slot to another and therefore need to be estimated for each burst. They are considered to be invariant during one burst duration.
CHANNEL IDENTIFICATION PROBLEM
In order to enable identification and estimation of the two users' channels, different training sequences for each user are necessary requirement. Moreover, we assume that the user of interest knows the training sequence of the interferer, which makes joint channel estimation possible. In the synchronized case bursts of the signal of interest and the interferer will overlap in time and thus their midambles will be aligned. This allows performing joint channel estimation as proposed in [2] . If synchronization is not perfect a small offset between the bursts will exist. Then the same procedure can be applied only over the overlapping segment of the two midambles. However, when the base stations are not synchronized a random offset between signals will occur. It can have an arbitrary value from 0 to burst duration, but let us assume that it is a multiple of symbol period Ì × , known at the receiver side. Then, normalized offset values are in the range of: AE Ó«× Ø ¾ ¼ ½ AE ½ . Since midambles overlap with unknown data bits, channel estimation needs to be done jointly with data detection.
RECEIVER ALGORITHM
Let Ñ½ and Ñ¾ denote matrices defined according to (3) , which contain the part of the received burst that corresponds to midamble Ñ ½ of user of interest and Ñ ¾ of interferer, respectively. As initialization step, first channel estimates of both signals are obtained like in the single user case, regarding the other signal as noise:
These estimates, together with the known attenuation of the interfering signal are used to determine which signal is stronger. The iterative algorithm starts with the detection of that signal, setting the weaker channel estimate back to zero. Without loss of generality, let us assume that signal of interest (from Ë ½ ) is stronger, and therefore we set ´¼µ ¾ ¼.
As Figure 3 indicates, in each iteration step ½ Å, channel estimates are improved using the soft estimates of the data bits that overlap with midambles 
The soft decision function used for obtaining intermediate symbol estimates is hyperbolic tangent, with the slope determined by signal-to-noise ratio (SNR). It can be shown that for binary signals in Gaussian noise this decision function is optimal in terms of minimizing mean square estimation error (MSE) [8] , [9] . Thus, tentative decisions on data symbols in -th iteration are given by: where Ý is´AE ¢AE µ signal covariance matrix and È À is a projection matrix associated with the noise subspace. Recalling that we defined Ý, ½ , and ¾ in (2) 
PERFORMANCE EVALUATION
As a performance measure of the receiver, we observe the bit error rate (BER) as a function of mean signal-to-noise ratio (SNR), which is defined as ËAEÊ × AE ¼ , where × is mean energy per symbol and AE ¼ is one-sided power spectral density of white noise.
As typical values for modelling urban and suburban environment [10] , path loss exponent is set to « and shadowing attenuation weights in (1) have the same standard deviation ¾½ ¾ ½¼ dB. These values lead to huge variations of interference power. Averaged over all possible path loss values (for all possible relative positions of the mobile users) signal to interference (SIR) level amounts to dB. In the performed simulations it was assumed that the positions of the users change from one burst to another, thus leading to independent, different instantaneous interference levels. Because of unbalanced interference levels receiver's performance is strongly dependent on the relative offset between the signals arriving from the serving and the interfering base station. Figure 4 shows BER curves for three extreme cases of offset. Obviously, for high values of offset performance degrades significantly for higher SNRs where interference has dominant influence. This behaviour is depicted by Figure 5 where, due to symmetry, relative offset can be defined as:
For higher SNR (lower curve in Figure 5 ), the receiver is more sensitive to channel estimation errors. Both curves show that for small relative offsets, when almost the whole burst is affected by the same level of interference, the receiver is able to mitigate this interference throughout iterations. In the light of shown results, it is reasonable to require only a coarse synchronization between the two base stations. In that case the algorithm shows good performance even though the receiver does not exploit knowledge of ¾ AE Ö Ð overlapping bits of midambles, as proposed in [2] . Figure 6 shows the performance improvement during the iterative process. One iteration corresponds to performing only spatial matched filtering, based on the estimated channel given by (4) . By second iteration performance is improved, especially in higher SNR region. The lower bound on BER of the receiver is given by the analytical result for probability of error for binary symbols in a Rayleigh fading channel, with Ä statistically independent diversity branches. A closed-form solution for such a case is given by [11] 
where Ä in our case equals to the number of antennas AE , and is the function of the average SNR per channel, defined as:
Note that expression (13) assumes perfect knowledge of the channel at the receiver side and completely orthogonal users' signatures. For small values of offset receiver approaches this bound after Å ¿ iterations, as shown in Figure 6 .
A performance gap of less than ½ dB is due to non-ideal channel estimation and presence of variable-power shadowed interference.
Finally, Figure 7 shows the diversity gain for different number of receive antennas, in case of small offset. As the number of antennas grows larger the BER is closer to the theoretical bound given by (13) for corresponding number of branches Ä. 
CONCLUSIONS
We have investigated application of multiuser detection on two asynchronous, power imbalanced co-channel users in a GSM-like system. For a general case of an arbitrary relative offset a low-complexity iterative receiver structure is proposed, which performs joint channel estimation and data detection. For updating channel estimates in the iterative process soft decisions on data symbols are used as feedback information. The iterative process reaches steady state very quickly (after 3 iterations). Performance shows strong dependency on the relative offset. For small values of offset BER closely follows the lower bound of the single-user case in a Rayleigh-fading channel with independent receive diversity branches. The simplified receiver can be extended to handle inter-symbol interference as well as more than one interfering user.
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